eated in that complex model (1 1). For this reason we used a Sparse-fur mice, 28 d of age with the x-chromosomal inherited defect of ornithine carbamoyltransferase, were used to investigate if tryptophan and the serotonin pathway in the brain are affected in this animal model which closely resembles the human inborn error of metabolism. Increased concentrations of tryptophan and 5-hydroxyindole acetic acid were found in forebrain and brainstem. Application of probenecid, which blocks the efflux of 5-hydroxyindole acetic acid from the brain, led to an augmented accumulation of this serotonin metabolite in the affected males. We conclude that the increased concentration of tryptophan in brain and the subsequent increased flux through the serotonin pathway are a consequence of hyperammone@a in this inherited defect of urea synthesis. Surprisingly, increased carbamoylphosphate synthetase was found in the liver of the male sparse-fur mice. Abbreviations CPS, carbamoylphosphate synthetase HIAA, 5-hydroxyindole acetic acid HT, 5-hydroxytryptamine NAGS, N-acetylglutamate synthetase OCT, ornithine carbamoyltransferase spf, sparse-fur TRP, tryptophan Sparse-fur (spf) mice have a x-chromosomal inherited defect of OCT (E C 2.3.3.1 1). In affected males this leads to hyperammonemia (10, 17) as in the human variant of OCT deficiency, an inborn error of metabolism which presents with neurologic symptoms (1, 23). These are presumably mediated by changes of neurotransmitters in brain. We chose to investigate metabolites of the serotonin pathway in spf mice, because TRP and HIAA were increased in two animal models where hyperammonemia is present. Studies with rats subjected to portacaval shunting have repeatedly led to the conclusion that chronic liver insufficiency (with hyperammonemia) increases the brain concentration of TRP, the precursor of serotonin (HT), and of HIAA, the main metabolite of HT (1 1). Because of the multiple metabolic changes encountered in portacaval anastomosis, the particular role of hyperammonemia has not been clearly delinsimpler set-up and injected rats with urease. We found that the transport of TRP into the brain was enhanced and that the concentrations of TRP and HIAA in forebrain and brainstem were higher than in pair-fed controls (3).
Sparse-fur (spf) mice have a x-chromosomal inherited defect of OCT (E C 2.3.3.1 1). In affected males this leads to hyperammonemia (10, 17) as in the human variant of OCT deficiency, an inborn error of metabolism which presents with neurologic symptoms (1, 23) . These are presumably mediated by changes of neurotransmitters in brain. We chose to investigate metabolites of the serotonin pathway in spf mice, because TRP and HIAA were increased in two animal models where hyperammonemia is present. Studies with rats subjected to portacaval shunting have repeatedly led to the conclusion that chronic liver insufficiency (with hyperammonemia) increases the brain concentration of TRP, the precursor of serotonin (HT), and of HIAA, the main metabolite of HT (1 1). Because of the multiple metabolic changes encountered in portacaval anastomosis, the particular role of hyperammonemia has not been clearly delinsimpler set-up and injected rats with urease. We found that the transport of TRP into the brain was enhanced and that the concentrations of TRP and HIAA in forebrain and brainstem were higher than in pair-fed controls (3).
The following investigations were performed to find out if an inherited defect of an urea cycle enzyme leads to comparable changes in the serotonin pathway. We examined if, in the spf mouse model, the affected males (spf/Y) had increased concentrations of TRP, HT, and HIAA in brain as compared with their unaffected littermates (+/Y). In order to detect if the flux through the serotonin pathway is altered in spf mice, the indole metabolites were determined also after injection of probenecid, an inhibitor of HIAA transport out of the brain.
MATERIALS AND METHODS
Spf-females (spf/+) from the Oak Ridge National Laboratory (Oak Ridge, TN) were mated with C57BL*BALBc males (Jackson Lab, Bar Harbour, ME). The offspings were used for the experiments. These were camed out on affected males (spf/Y) which are readily recognized by their sparse fur and on unaffected males (controls, + / Y ) at the age of 28 d. Data on females (both spf/+ and +/+) are also presented. The animals had not yet been weaned. At 8 a.m. the animals were withdrawn from their mother and placed with a nonlactating female mouse in order to obtain metabolite concentrations unbiased by postprandial amino acid alterations. At 10 a.m. physiologic saline or probenecid (200 mg/kg body weight) was injected intraperitoneally. The animals were decapitated at 11 a.m. and the brain was dissected on an ice cold glassplate within 3 min into forebrain and brainstem by a precollicular cut after removing the cerebellum. The brain parts were immediately weighed and homogenized in perchloric acid (0.1 mol/l; 2.0 m1/250 mg of brain) containing ascorbic acid (0.23 mmol/l), EDTA (3.4 mmol/l), and vanillic acid as internal standard. The deproteinized samples were applied to an Amberlite CG50, type 1, column (3 x 10 mm) and the indoles eluted with 3.2 ml HCl(1 mol/l) containing 1 % cystein. The eluate was applied to a SepPakC-18 capsule (Waters Ass., Milford, MA). After washing with 2 ml of bidistilled water the indoles were finally obtained by application of 5.0 ml of sodium acetatelcitrate buffer (0.1 mmol/l, pH 4.3) containing 85% (v/v) methanol. Ten microliters of the dried extract dis-solved in perchloric acid (100 ~1 , 0.1 mol/l) was used for high performance liquid chromatography modified from Loullis et al. (12) and Mefford and Barchas (13) . The stationary phase was a Bondapack C18, 1 0 -~, column (4.6 x 250 mm, Waters Ass., Milford, MA); the mobile phase was the above mentioned citratelacetate buffer but with 5% methanol (v/v). The quantification of TRP, HT, HIAA, and vanillic acid was done by electrochemical detection at a potential of 0.9 V (Bioanalytical Systems, La Fayette, IN). In this system indoleacetic acid does not interfere with HIAA.
For characterizing the mice biochemically, the liver was weighed and frozen at -20°C until the OCT, the CPS (EC 6.3.4.16), and the NAGS (EC 2.3.1 1) activity were determined. OCT was assayed at pH 7.7 and pH 9.5 according to Short et al. (21) with final concentrations of carbamoylphosphate at 4.6 mmol/l and ornithine at 2.3 mmol/l. For the homogenization of the liver for the CPS determination ( 9 , a buffer described by Pierson and Brien (1 5) was used. NAGS activity was measured as described elsewhere (2, 7).
The statistical distribution of the results was tested with a Chisquare and a Kolmogorov-Smirnov test for fit with a normal or log-normal distribution. Because some data of enzyme activities and of metabolite concentrations were significantly different from Gaussian distributions the Mann-Whitney test was used for group comparisons. For the same reason, not mean but median values and ranges are given. No clustering of low or high values were found, except for the heterogenous group of female animals. Table 1 , the visual assessment of spf males as OCT defective fits the enzyme activity in vitro at pH 7.7. The hepatic OCT activity of affected males was 10% of that found in the non-affected male littermates. As expected, OCT activity showed more spread in female animals than in the male controls and the values were lower. When OCT activity was measured at pH 9.5 there was, however, no difference between the groups. The ratio of OCT activity at pH 7.7 to that at pH 9.5 proved to be the best discriminant. CPS activity in liver was higher in affected males than in controls whereas NAGS activity did not differ.
RESULTS

As shown in
The TRP concentration in forebrain and brainstem was almost doubled in affected males as compared with the unaffected controls ( Table 2) . HT was increased only in brainstem whereas HIAA was higher in both forebrain and brainstem of spf males compared with the respective concentrations in control animals. Probenecid application effected a significant accumulation of HIAA in all groups. The HIAA concentration found in spf males after probenecid was higher than in the controls. The molar ratio Table 2 . TRP, HT, and HIAA in forebrain and brainstem (nmol/g) without and after probenecid (median and range)* Mann-Whitney test when compared with control: P < 0.05, 3P < o.02,4P<o.01;5P<o.oo5,6P<o.oo1.
Mann-Whitney test when compared with the corresponding mice without probenecid: P < 0.05; ' P < 0.02, P < 0.01, 'O P < 0.001.
of HIAA/HT was also more elevated in male spf mice than in the nonaffected males both without (median value forebrain; spf, 
DISCUSSION
The spf mouse with an x-chromosomal mutation of OCT was characterized by DeMars et al. (10) and Qureshi et al. (16, 17) , who defined the enzyme defect and showed that the spf males are hyperammonemic and have an elevated serum glutamine concentration. Furthermore, Briand et al. (6) presented evidence that the spf mice have an increased amount of enzymatically defective protein crossreacting with anti-OCT antibodies. Because of the report of increased mortality of affected males after the weaning period (lo), we performed our experiments with 28-d-old mice still nursing. In separate groups of animals we found ammonia concentrations in plasma ranging from 55-96 pmol/l in controls and from 145-202 pmol/l in spf males. The age of 4 wk was chosen because preliminary experiments with C57BL*BALBc mice had indicated that the concentration of HIAA after peaking at 3 wk of age reached the adult level at 4 wk as shown by Daszuta et al. (9) and that then the response to probenecid was similar to that in adult mice (4) .
The main finding of our study is increased TRP and HIAA concentrations both in forebrain and brainstem of affected spfmales. We assume that the increase of TRP concentration in brain is due to the increased transport of this serotonin precursor through the blood-brain barrier. We actually found such an augmented transport in rats, which were hyperammonemic after urease injections, by measuring the uptake of TRP after a single passage after the intracarotid injection of TRP (3). The increased HIAA/HT ratio in the spf mice after probenecid indicates that the increased TRP concentration in brain leads to an increased flux through the serotonin pathway. The similarity between the results obtained on spf mice and on urease-injected hyperammonemic rats supports the view that the increased TRP concentration in brain and the increased flux through the serotonin pathway are a consequence of hyperammonemia. The absence of elevated HT concentrations in forebrain confirms earlier findings in rats subjected to portacaval shunting (8) and could indicate a lack of storage capacity for HT in forebrain.
It could be argued that the enzymatic defect might lead to a delayed maturation of the brain thus affecting neurotransmitter metabolism. The increased TRP and HIAA concentration would be compatible with this hypothesis. However, the absence of a decreased HT concentration in spf males renders such a mechanism unlikely, because a lower HT would be expected in forebrain if the brain of spf males were only at a stage of 3 wk maturation (9) . As shown by Stem et al. (22) , protein malnutrition could be also partly responsible for the observed changes, but it would not lead to such an increase of HIAA in brainstem. We cannot totally rule out nutritional effects because, due to the technical difficulty of assessing milk intake during nursing, we did not pair-feed the controls and spf mice. Whatever the respective importance of nutrition and hyperammonemia is, we conclude from our data that the serotonin pathway is involved in the pathogenesis of inborn errors of ammonia detoxication and that TRP and HIAA should be considered as parameters of interest when evaluating results of therapeutic trials in animal experiments. Antiserotoninergic agents might be helpful as adjuvants in patients with urea cycle disorders especially when, at a chronic stage, loss of appetite-which could be due to a serotoninergic mechanism-is going to lead to catabolism.
A surprising finding in this study was the small, but significant increase of CPS activity in the liver of spf males. The lower weight of the spf males (spf, 9.3 g; controls, 15.4 g; P < 0.001) also observed by others (10, 16), which is presumably due to lower milk intake, led us to expect lower CPS (19) and NAGS activity (20) than that in controls. Against our expectation, CPS (but not NAGS) was increased in the spf males. Considering the data of Briand et al. (6) who interpreted the increased protein crossreacting with anti-OCT antibodies in spf males as a compensatory phenomenon counter-balancing the reduced enzymatic OCT activity in the mutant, it is tempting to speculate that the increased CPS activity in spf males is due to similar or even common mechanism. In our experiments, a significant correlation between CPS and OCT (measured at pH 9.5) found in the spf groups (r = 0.4801; n = 28; P < 0.01), but not in the controls (r = 0.2949; n = 27; n.s.) is compatible with such a hypothesis. The measurement of enzyme activity does not allow us to determine whether the increased activity of CPS is due to increased formation of the cytosolic precursor (14, 18) , increased transport into the mitochondrium and conversion of the preenzyme or to reduced breakdown of CPS (and OCT). 
